The inter-connection between the elasticity of a dielectric film and the wetting of a sessile drop on the same, under an applied electrical voltage, remains unaddressed. Here, we report the electrowetting-on-dielectric (EWOD) behaviour of sessile drops on dielectric elastomer films of varying elasticities-from an apparently rigid dielectric film to a soft, deformable dielectric film. Our results reveal that the elasticity of the underlying dielectric film provides an additional control over the droplet electrowetting behaviour, which may be best addressed from free energy based consideration, leading to a modification of the classical LippmanYoung paradigm. We also provide an explanation on the displacement profiles for the deformation of the soft dielectric surface, due to the interfacial electro-elastocapillary interaction triggered by the electrowetted sessile droplet. These results can be of profound importance in various emerging applications, ranging from the development of soft liquid lenses to drug delivery. 
Introduction
Application of an electrical voltage, to a conducting sessile droplet resting on a thin dielectric film covering a planar electrode, results in enhanced wetting of the droplet.
Such electrically controlled wetting of a droplet, on a dielectric film, is classically referred to as 'electrowetting-on-dielectric (EWOD)' or 'electrowetting' 1, 2 . The detailed understanding of, and control over, the electrowetting phenomenon, developed over the years, have translated into several state-of-the-art applications, such as variable focus lenses 2, 3 , reflective displays 2, 3 , microfluidic mixing 4 , control of droplet morphology over functional substrates 5 , control of droplet detachment from hydrophobic surfaces for the development of threedimensional digital microfluidic systems 6 , thermal management of miniaturized devices 7 , and several bio-medical applications 8 . Relatively recently, EWOD of a sessile droplet was used for controlling the folding and unfolding of a thin membrane around a liquid droplet 9 . Such electrically controlled reversible wrapping of a thin membrane forms the foundation for electrically assisted capillary origami 10 .
Despite these emerging applications, the physical understanding of droplet electrowetting, at least for practical purposes, is still largely limited to the Lippmann-Young equation 1, 2 . One of the major shortcomings of the Lippmann-Young equation is that it is intrinsically restricted to rigid dielectric films. However, the electrowetting on soft substrates may lead to intricate electrically mediated elastocapillary interactions, or electroelastocapillary interactions, which are not intrinsically captured through this classical paradigm.
Here, we first experimentally investigate the electrowetting behaviour of sessile drops on dielectric elastomer films of varying elasticities. Specifically, we try to bring out the differences between the electrowetting characteristics of a conducting sessile drop on an apparently rigid dielectric elastomer film, and those on a soft dielectric elastomer film. We show that the droplet electrowetting on the soft dielectric elastomer film cannot be addressed by the classical Lippmann-Young equation. Thereafter, we try to explain the electrowetting behaviour on the soft, deformable dielectric film by a free energy minimization approach.
Our analysis takes into consideration that the reduction in elasticity of the dielectric elastomer film incurs an additional elastic energy, due to the surface deformation of the soft dielectric film by the electrowetted sessile droplet; it also considers an alteration in the electrostatic energy, due to the effective coupling between the dielectric constant and the elasticity of the dielectric film for a general dielectric elastomer. We further provide here a detailed discussion on the displacement profiles for the deformation of the soft dielectric surface, due to the interfacial electro-elastocapillary interaction triggered by the electrowetted sessile droplet. Our results are likely to have profound implications towards the understanding of several previously inconceivable engineering and bio-medical applications, involving the interplay of electrowetting and substrate-compliance over solid-liquid interfacial scales.
Experimental section

Fabrication of the electrode-and-dielectric platform for the electrowetting-ondielectric (EWOD) experiments
For the EWOD experiments, the dielectric films of different elasticities are MPa to 0.02 MPa with increasing base-to-cross-linker ratio from 10:1 to 50:1 [11] [12] [13] (see Table   1 ). In essence, the dielectric elastomer film becomes progressively 'softer' (i.e. E decreases)
with increasing base-to-cross-linker ratio. It must be noted here that for the present study, only the two dielectric films -10:1 and 50:1 Sylgard 184 films, are chosen. This is done, because, based on the study of electrically triggered droplet spreading studies reported elsewhere 14 , it can be concluded that the 10:1 Sylgard 184 film ( 1.5 E  MPa) behaves as an apparently rigid dielectric film, on which the classical droplet electrospreading characteristics are valid; while the 50:1 Sylgard 184 film ( 0.02 E  MPa) behaves as a soft, deformable one.
Hence, the various aspects of electrowetting on soft dielectric films that we want to discuss in the present paper can be systematically highlighted by a comparative study between the electrowetting and the film surface deformation characteristics for the 10:  of 100 mM KCl solution droplets on these films, without any electrical effects (see Table 1 ).
For determining the electrowetting characteristics, the ITO glass slide coated with a dielectric film, having a definite value of E , is first mounted on the platform of a Goniometer (Ramé-hart instrument co., model no. 290-G1) (see Fig. 1 Moreover, beyond this electrical voltage limit, dielectric breakdown is also observed. On application of the electrical voltage, the sessile droplet spreads till the final steady-state is reached (see the schematic in Fig. 1(b) software (see Fig. 1(b) ). Sequential images exhibiting electrically controlled droplet wetting on dielectric films of different elasticity, as captured by the goniometer, are also shown in Fig. 1(b) . Furthermore, at a definite value of V , the final contact radius of the electrowetted sessile droplet on the dielectric film is also evaluated using a self-written MATLAB (version software and the self-written image processing code are comparable.
Theoretical formulation
In this section, we discuss about the additional contributions to, and possible alterations of, the total free energy of the system in EWOD configuration (see the blow-up schematic in Fig. 1(b) ) due to the reduction of the elasticity of the dielectric elastomer film from the 'apparently rigid' domain to the 'soft' domain.
In case of an electrowetted sessile droplet on a soft, deformable dielectric film, the total free energy   F of the EWOD system must generally include the additional elastic energy   el E stored due to the inherent film surface deformation. The evaluation of el E in turn involves the determination of the displacement profiles for the soft dielectric film surface deformation, due to the electrowetted sessile droplet on top of it. In this regard, it must be noted here that in case of an electrowetted sessile droplet, the underlying dielectric film surface deforms due to the combined interplay of the elastocapillary 11, [16] [17] [18] [19] interactions at the dielectric-droplet interface and the normal stress distribution on the film surface, due to the electrical stress (Maxwell stress) distribution at the solid-liquid interface. here from the 'apparently rigid' to the 'soft' domain, where the latter corresponds to the domain of lower values of degree of polymerization, the corresponding sharp variation in r  cannot be trivially neglected 23 . Consequently, the associated variation in the electrostatic energy, gained due to charging of the equivalent droplet-dielectric capacitor during electrowetting, also cannot be trivially precluded from the present analysis of electrowetting on soft, dielectric elastomer films.
Dielectric film surface deformation by an electrowetted sessile droplet
The EWOD experimental setup used in the present work is similar to the EWOD systems used in majority of the electrowetting applications for the present electrowetted sessile droplet and dielectric system, and for most of the EWOD systems in general, a two-dimensional analysis, within the framework of a Cartesian coordinate system, will provide a good estimation of the underlying film surface deformation, as evidenced for dimensionally similar soft wetting problems without electrical effects 17, 19 .
Furthermore, in case of droplet spreading and wetting on soft elastomer films (like Sylgard 184 films) and gels, the resulting film surface deformation is usually analysed following the linear elasticity theory, without any loss of generality 12, 13, 17, 19, 16, [24] [25] [26] [27] [28] [29] . In accordance with the established literature on soft wetting without electrical effects, we will also analyze the deformation of the soft, dielectric elastomer film surface, due to an electrowetted sessile droplet, by considering the dielectric film as an isotropic, linear elastic medium.
Based on the aforementioned assumptions, and on the co-ordinate system shown in the blow-up schematic in Fig. 1 (b), the linear elastic constitutive relation for the dielectric films can be written as
where ij  is the total stress, 
The boundary conditions for this system of equations can be written as
At the interface where the dielectric elastomer film is attached to the rigid ITO coated glass slide, displacements must be zero:
At the interface of the electrowetted sessile droplet and the dielectric elastomer film, the stress conditions are:
Here ext zz  is the external normal stress acting on the dielectric film surface due to the electrowetted sessile droplet; the exact expression for ext zz  will be discussed later on. 
where k is the wave number, and ji Q are the components of the stiffness matrix. Eq. (4) can be rewritten as 
where
, and ˆe 
Similarly, on expressing the Fourier transforms of the components of the stress, at the dielectric film surface, in terms of ˆr u and ˆz u using Eq. (1) 
Now, from Eq. (6) 
Here, the elements of the inverse of the modified stiffness matrix can be evaluated by first determining the modified stiffness matrix 
Here, the involved elements of the inverse of the modified stiffness matrix are 
where k kh  .
The normal stress on the dielectric film surface, due to the electrowetting of a perfectly conducting sessile droplet on it, can be written as
where   
where   r E  is the film elasticity dependent dielectric constant of the elastomer film, and 
Taking the Fourier transform of Eq. (14), and incorporating it into Eq. (10a) and Eq. 
where eq r c x x r   represents a horizontally shifted coordinate at the droplet edge (see the blow-up schematic in Fig. 1(b) ), and   
Elastic strain energy stored due to the dielectric film surface deformation
The elastic strain energy stored due to the deformation of the dielectric film surface, as given by Eq. (15a) and Eq. (15b), is defined as
The first term on the RHS of Eq. (16) 
Total free energy of the droplet-dielectric system in electrowetting-on-dielectric configuration, considering the elastic strain energy
The total free energy of the conducting droplet and dielectric film system in the EWOD configuration (see Fig. 1(b) 
where surf E is the contribution of the surface energy, 
constraint for the electrowetted sessile droplet, and d R is the droplet radius which is related 
Minimization of the total free energy
The total free energy   F of the system, as given by Eq. (18), is minimized here following the classical methodology 1, 2 , to obtain the following equation: 
Results and discussions
Electrowetting characteristics of sessile drops on dielectric elastomer films of different elasticities
The electrowetting-on-dielectric or electrowetting characteristics of a the droplet on the 50:1 Sylgard 184 dielectric film ( 0.02 E  MPa) (see Fig. 2(a) ). So, the extent of reduction in eq  with increasing magnitude of the applied electrical voltage decreases with decreasing elasticity or increasing softness of the dielectric film (see Fig.   2 (a)). Furthermore, at a definite value of the applied electrical voltage, the value of eq c r is less for the droplet on the dielectric film with 0.02 E  MPa, than that observed for the droplet on the dielectric film with 1.5 E  MPa (see Fig. 2(b) ). In essence, it can be concluded here that the extent of electrowetting of a sessile droplet reduces (i.e. eq  increases and eq c r decreases) with decreasing value of the Young's modulus   E of the underlying dielectric film (see Fig. 2 (a) and Fig. 2(b) ). Moreover, the variation of eq  with the applied electrical voltage, for the droplet on the dielectric film with 1.5 E  MPa, is well described by the classical Lippmann-Young equation, i.e. Eq. (20) (see Fig. 2(a) ). This proves that the droplet electrowetting on the dielectric elastomer film with 1.5 E  MPa adheres to the classical description of the electrowetting phenomenon, which does not consider the consequences of the variation in E beyond the 'rigid' domain. Furthermore, it can be now unequivocally concluded that the dielectric elastomer film, with 1.5 E  MPa, indeed behaves as an apparently rigid dielectric film, as mentioned in sub-section 2.1. Fig. 2(a)  with the applied electrical voltage on the dielectric elastomer film with 0.02 E  MPa (see Fig. 2(a) ). So, for a conducting sessile droplet on a thin dielectric film, where   Fig. 2(a) ).
The practically insignificant difference that is observed is due to the slight difference in h for the films with 1.5 E  MPa and 0.02 E  MPa. It must be noted here that for solving Eq. 
On considering
(and not equal to 2.65), Eq. (21) suitably describes the variation of eq  , with the applied electrical voltage, for the conducting sessile droplet on the dielectric elastomer film with 0.02 E  MPa (see Fig. 2(a) ). It must be noted here that ~1.9 r  conforms to the value of the dielectric constant for Sylgard 184 with low degree of polymerization 23 , and is not any ad hoc value chosen to fit the experimental data. So, the effective dependence of r  on E , due to their mutual dependence on the degree of polymerization for a general dielectric elastomer, primarily dictates the electrically controlled variation of eq  on dielectric elastomer films of different elasticity. For the soft, deformable dielectric film, the reduction in r  (from ~2.65 to ~1.9 ), accompanying the reduction in E from the 'apparently rigid' domain to the 'soft' domain, reduces the net electrostatic contribution
to the total free energy of the EWOD system. This reduction in the electrostatic energy gained due to the charging of the equivalent dielectric-droplet capacitor, for the conducting droplet and the soft dielectric film, effectively manifests in reduced extent of electrowetting of the sessile drop on it. This is in accordance with the thermodynamic understanding of the electrowetting mechanism 1 . At a definite Fig. 3(a) ). The wetting ridge is flanked by a valley both on the left (within the droplet) and on the right of it (outside the droplet) (see Fig. 3(a) ). The height of the wetting ridge on the soft dielectric film surface is-
However, on application of the external electrical voltage, the additional stress distribution on the soft dielectric film surface underneath the droplet, due to the Maxwell stress distribution at the dielectric-droplet interface, results in the formation of an asymmetric wetting ridge about the TPCL (see Fig. 3(a) ). The increasing magnitude of this electrically induced stress distribution on the soft dielectric film surface, with increasing magnitude of V , progressively increases the depth of the valley at the base of the wetting ridge within the droplet (see Fig. 3 (a) and its inset). Consequently, this results in progressive reduction in the depth of the valley at the base of the wetting ridge outside the droplet, with the increasing magnitude of V (see Fig.   3 (a) and its inset). Such modification of the out-of-plane displacement of the soft dielectric film surface, due to the electrowetted sessile droplet, results in the corresponding asymmetric z u profile about the TPCL, at a definite magnitude of V (see Fig. 3(a) ). However, the effect of the electrically induced stress distribution on the out-of-plane displacement of the soft dielectric film surface vanishes within a distance
 
O h , from the droplet contact line (see Fig. 3(a) ). This is because the Maxwell stress distribution at the dielectric-droplet interface At 0 V  , the in-plane or horizontal displacement of the soft dielectric film surface also shows a symmetric profile about the TPCL (see Fig. 3(b) ). The in-plane displacement increases towards the droplet contact line, over the region corresponding to the valley in the z u profile (compare Fig. 3(a) and Fig. 3(b) ). However, r u starts decaying very close to the TPCL, once the wetting ridge starts taking shape (compare Fig. 3(a) and Fig.   3(b) ). For 0 V  , 0 r u  at the droplet contact line (see Fig. 3(b) ). In case of the in-plane displacement also, the application of the external electrical voltage results in an asymmetric r u profile, about the TPCL, for the soft dielectric film surface deformation. The increasing strength of the electrically induced stress distribution on the soft dielectric film surface underneath the electrowetted droplet, with increasing magnitude of V , results in progressively increasing in-plane displacement within the droplet (see Fig. 3(b) ). The region over which the in-plane displacement within the droplet progressively increases, corresponds to the valley of increasing depth at the base of the wetting ridge within the droplet, observed in the z u profile (compare Fig. 3(a) and Fig. 3(b) ). The in-plane displacement outside the droplet adjusts accordingly, finally resulting in an asymmetric r u profile, at a definite magnitude of V (see Fig. 3(b) ). Hence, at a definite magnitude of V , r u is no longer zero at the droplet contact line (see Fig. 3(b) ). Moreover, the effect of the electrically induced stress distribution underneath the electrowetted droplet, on the r u profile, also tends to vanish within a distance
O h from the droplet contact line (see Fig. 3(b) ). This is because the  (see Fig. 3(b) ).
Conclusions and scope
The extent of electrowetting of a conducting sessile droplet on a thin dielectric elastomer film is dependent on the elasticity of the dielectric film, contrary to the general perception percolated in the existing literature. At a definite magnitude of the applied electrical voltage, the macroscopic equilibrium droplet contact angle increases, and the equilibrium droplet contact radius decreases, with decreasing elasticity or increasing softness of the dielectric film. To put it succinctly, the extent of electrowetting decreases with decreasing elasticity of the dielectric elastomer film. In this regard, the electrowetting phenomenon on an apparently rigid, dielectric elastomer film is well described by the classical Lippmann-Young equation. However, the established Lippmann-Young paradigm fails to describe the reduced extent of electrowetting on the corresponding soft, deformable dielectric elastomer film. The reduced extent of electrowetting on the soft dielectric film stems from the involved reduction in the dielectric constant of the film, associated with the reduction in the elasticity of the film from the 'apparently rigid' domain to the 'soft' domain.
The effective dependence of the dielectric constant on the elasticity, for a general dielectric elastomer film, stems from the mutual dependence of these quantities on the degree of polymerization of the polymeric chain.
We have shown here that the electrowetting phenomenon on dielectric films of varying elasticities can be addressed, on a mesoscopic to macroscopic scale, by a generalized, or modified, Lippmann-Young equation. This modified Lippmann-Young equation
incorporates the effective dependence of the dielectric constant on the elasticity of the film.
In this regard, it must be noted here that the deformation of the underlying soft dielectric film surface does not influence the macroscopic droplet equilibrium configuration, under an applied electrical voltage; hence, the influence of the same is not apparently reflected in the and adaptability. The present research findings may be also used to lay the foundation for new bio-medical applications involving soft interfaces, like control of wetting and spreading of bio-fluids in bio-physical processes, and controlled drug delivery. Further tuning can be imposed on droplet manipulation by using optimal electrode arrays, in tandem with dielectric elasticity gradient, to usher in a new generation of electrically controlled digital microfluidic devices, involving dielectric layers with patterned stiffness. Furthermore, the discussion on soft surface deformation profiles due to electro-elastocapillary interactions, under an electrowetted sessile droplet, may be useful for tuning the functioning of dielectric elastomers in engineering applications pertaining to soft active materials.
